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I. INTRODUCTION
M IMO ANTENNA SYSTEMS have been a topic of intense research during the last decade due to their capability to provide high data rates and robustness to wireless links. Multiple input multiple output (MIMO) is considered a mandatory technology to be employed in the upcoming wireless communication systems, such as 3G+ and 4G, for achieving the envisaged quality of service (QoS) levels [1] .
Despite the well-known trade-off between diversity and multiplexing whenever a MIMO structure is considered [2] , the goal of maximizing the data rate is achieved by means of spatial multiplexing schemes. Contrary to diversity schemes, where most of the signal processing is performed at the transmitter, multiplexing schemes use the receiver as the processing unit for interference cancellation purposes [3] . Typical solutions are zero forcing (ZF) and minimum mean square error (MMSE) receivers for the linear spatial filtering, and successive interference cancellation (SIC) as non-linear interference cancellation scheme [4] . Although very simple, the SIC receiver suffers from the problem of error propagation since the first detected layer must have a good temporal coding. Further, during detection, the initial layers have lower diversity orders, since the amount of interference is proportional to the the number of non-detected layers at this point [4] .
In order to improve detection performance, some works have proposed iterative methods for processing the information and extracting more diversity during the receiver signal processing for interference cancellation. The method of [5] performs an iterative maximal ratio combining (MRC)-vector after the interference cancellation stage in order to improve
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In this letter, we propose the use of a backward recursion in layered space-time non-linear interference cancellation detectors in order to provide improved diversity order at the receiver to all layers. The idea is quite simple and shows potential due its performance gains over classical SIC and ordered successive interference cancellation (OSIC) detectors.
The rest of this paper is organized as follows. In Section II the system model is described. The rationale of the layered detection is discussed in Section III while Section IV is devoted to the explanation of the simple backward processing idea for improving the performance of layered transmission. Simulation results corroborating the merits of the proposed receiver processing are shown in Section V. The paper is concluded in Section VI.
II. CHANNEL AND SYSTEM MODELS
We consider a transmitter equipped with an M -element antenna array and a receiver equipped with an N -element antenna array (N ≥ M ). The wireless channel matrix is assumed to have rich scattering and undergo flat-fading. The fading between each transmit and receive antenna pair is assumed to be independent. A quasi-static block fading model is assumed. Furthermore, the total transmit power is fixed and equally divided across the transmit antennas. Ideal symbol timing and pulse shaping are assumed at the transmitter and receiver. Thus, we can relate the transmit and receive symbols in a given symbol period in complex baseband form as:
where H denotes the N × M channel matrix, x denotes the complex received vector of dimension N × 1, s denotes the transmitted symbol vector having dimension M × 1, v is the additive white circularly symmetric complex gaussian noise samples with zero mean and variance σ 
III. LAYERED SPACE-TIME INTERFERENCE CANCELLATION DETECTORS
In order to separate the signals received from the several transmit antennas at the receiver, interference cancellation detection algorithms should be considered to detect the co-channel signals. Initially, detection techniques were proposed in the literature based on the conventional linear nulling, which consider one layer as the desired, one per turn, and the other ones are treated as interferers. The nulling vectors in each turn are calculated following a given criterion such as ZF and MMSE [6] .
In ZF criterion the decision for the i-th layer is made nulling the other M −1 layers, and the nulling spatial filter W is given by
where I M is an M ×M identity matrix. As in the ZF criterion, the output vector for the i-th layer of the MMSE detector is y i given by
where w H i is the vector associated with the i-th row of the matrix W. Both linear nulling detectors, ZF and MMSE, could improve their performance if an additional step is considered after the nulling of interference [6] .
A superior detector performance for layered space-time MIMO schemes can be reached if the contribution of the detected layers to the the received signal is reconstructed and cancelled. Assuming correct decisions (ideal case without error propagation), the resulting signal is free from the interference of the layers already detected, yielding better estimates of the remaining symbols, which improves the whole performance of the detector. This detector is known in the literature as SIC or nulling and cancelling detector.
In SIC, the layers are detected sequentially. Initially, the received signal x goes through a nulling detector for the first layer (we can apply ZF or MMSE criteria), whose output is used to produce a hard estimate of the symbols at this layer, s 1 . Then, the contribution of the first layer to the received signal is estimated and cancelled, generating the signal x 2 . This process is recursive until the last spatial layer is reached. In general, at the i-th layer, the signal x i , hopefully free from the interference of layers 1, · · · , i − 1, goes through a nulling detector that tries to mitigate the interference from layers i + 1, · · · , M. A hard estimate of the symbol at this layer,ŝ i , is then produced, based on the output of the nulling detector. Then, the contribution of this layer to the "received signal" x i is estimated and cancelled. This procedure yields a modified received signal given by
where h i is the i-th column of the channel matrix H corresponding to the channel gains associated to layer i, and s i h i represents the estimated interference from the i-th layer.
The result is that x i+1 is free from the interference coming from layers 1, . . . , i. This signal is then fed into the linear detector for the (i + 1)-th layer and the process is repeated until layer M . The traditional SIC detector is represented in Figure 1 as the forward recursion stage. Note that the performance of SIC can be improved if the layers are detected in an appropriate order, resulting in the OSIC algorithm [8] . Indeed, one of the disadvantages of SIC is that the signal associated with the first detected layer may exhibit a lower received signal-to-noise ratio (SNR) than some other layer. This may increase the probability of detection errors, which can propagate through the recursive detection process, degrading performance of the overall receiver. This problem can be mitigated if the layers are ordered by decreasing SNR, so that the first layer to be detected is that with the highest SNR.
A. Performance of Layered Space-Time Interference Cancellation Detection
In [9] , the performance of MIMO linear MMSE nulling followed by SIC was evaluated. The authors of [9] derive simple expression to evaluate the performance of low-complexity SIC algorithm. Basically, the performance of each layer of a MIMO linear MMSE followed by SIC with uniform mean power over all the transmit antennas is equivalent to that of a MIMO linear MMSE nulling system with 1 transmit antenna and N − M + i receive antennas, where the (i + 1)-th layer is considered to be free from the interference coming from layers 1, . . . , i [9] .
Using this result, we can claim that the diversity order is increased for each layer in the MIMO linear MMSE nulling followed by SIC cancelling approach. Clearly, this is unfair to the first layers to be detected by the algorithm since these layers will not obtain the full diversity order at the receiver. In order to overcome this issue we propose the backward recursion technique in non-linear interference cancellation detectors. As an illustration we will consider the SIC detector using the MMSE nulling criterion and the VBLAST spatial multiplexing scheme.
IV. BACKWARD RECURSION IN SUCCESSIVE INTERFERENCE CANCELATION ALGORITHM
In order to improve the performance of SIC-based detectors in layered space-time multiplexing schemes, we propose to extend the cancelling approach for the first layers in a backward recursive way. Using this simple idea the performance of the SIC-based detectors is improved since now all layers will experience an increased diversity order at the receiver due to the interference cancellation of the SIC approach. The proposed backward recursion algorithm is summarized in Algorithm 1 using a MMSE nulling spatial filter. However, this idea could be extended straightforwardly to the ZF receiver criterion.
In Algorithm 1, Q(·) denotes the quantization operation in accordance with the modulation in use,ŝ i is the estimation of the symbol of the i-th layer at the forward recursion stage andŝ i is the estimation of the symbol of the i-th layer at the 
Algorithm 1 MMSE SIC detector with backward recursion MMSE Nulling Spatial Filter:
backward recursion stage. Note that, in Figure 1 , the forward recursion is the same as classical SIC detection and in this letter we propose an additional step (backward recursion stage) in the end of the traditional approach. The main disadvantage of the traditional SIC-based detector is that only the last layer experiences the full diversity order. To overcome this issue we propose to add the additional stage.
According to the pseudo-code of Algorithm 1 (see also Figure 1 It is worth mentioning that the proposed backward processing can be extended to ordered SIC (OSIC) detectors [8] by simply adding a detection ordering step in Algorithm 1.
V. SIMULATION RESULTS
In this section we present illustrative simulation results of our proposal. The performance results are evaluated by means of numerical results from Monte-Carlo simulations. The symbol error probability (SEP) curves are plotted against the SNR in [dB], in this letter we consider that the MIMO system transmits following the traditional VBLAST spatial multiplexing scheme. Figure 2 presents the SEP performance per layer, in this case we have two spatial multiplexing layers assuming binary phase shift keying (BPSK) modulation and two transmit and two receive antennas. As we can see by the curves from the case without backward recursion, the diversity order is increased in each recursion of the algorithm, thus, providing to the last layer the best SEP performance. Using the backward recursion, now all layers have the same diversity order equal to N . Therefore, all two spatial layers have the same SEP performance, corroborating with our claim that with this simple backward recursion all layers are capable to achieve an improved diversity order. It is worth noting that this improvement is achieved without complexity increase since the nulling spatial filters are calculated just one time [9] . As a benchmark we included in Figure 2 the result of the maximum likelihood (ML) detector. Since with the backward recursion now all layers reach the full diversity order at the receiver, the performance of the two layers are similar with the ML detector that has a diversity order of N .
In Figure 3 , we present the comparative result of a VBLAST scheme considering four transmit and four receive antennas using the traditional SIC detector (without backward recursion) and the proposed detector, in both cases with ideal symbol estimation for SIC cancellation assuming quarternary phase shift keying (QPSK) modulation. As a benchmark the performance of the OSIC interference cancellation detector is also considered. Figure 3 presents the comparative performance of the average SEP of all layers. As we can see by results, since now all layers present the same diversity order in the SIC with backward recursion detector, this detector outperforms traditional SIC detector (without backward recursion) and even the SIC with ordering (OSIC). For a SEP of 10 −3 , SIC with backward recursion gives an improvement of 5 dB in the SNR compared with OSIC and almost 15 dB compared with SIC detector for QPSK modulation.
VI. CONCLUSIONS AND PERSPECTIVES
In this letter, we have proposed an additional processing stage to be applied in the non-linear interference cancellation detectors, e.g. SIC, denoted as backward recursion. This simple strategy provides to all layers of a spatial multiplexing scheme an improved diversity order at the receiver as evaluated to the VBLAST MMSE SIC detector. Compared with traditional non-linear interference cancellation detectors, our approach provides remarkable SNR gains over traditional SIC and OSIC detectors, respectively. As perspectives we can highlight the extension of this idea to the OSIC detector and the use of an iterative bidirectional forward-backward recursion relying on the turbo processing approach. , where he has worked on several funded research projects. His research interests lie in the area of signal processing for communications, including blind identification and signal separation, space-time processing, multiple-antenna techniques, and multicarrier communications. His recent work has focused on the development of tensor models for multiple-antenna transceiver design in wireless communication systems.
